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The study of renal function in human pregnancy
is beset by many problems, summarized with exem-
plary clarity by Chesley [1]. Technical problems oc-
cur even with the most meticulous methodology,
and conclusions must often be drawn from indirect
evidence. Nevertheless, there has accumulated an
extensive literature (see Ref. 2), from which general
trends may be discerned.
A major problem that must be overcome in study-
ing renal function is the wide variation in absolute
values between individual subjects. In the non-
pregnant state, this may be resolved to some extent
by correcting data to a standard body surface area
of 1.73 m2 (and thus, by implication, to a standard
kidney size) [3]. In pregnancy, however, the surface
area nomogram is no longer applicable [4]. The only
realistic way to investigate renal changes, there-
fore, is to use each subject as her own control, that
is, to perform serial studies on the same subject dur-
ing pregnancy and in the nonpregnant state. Such
demanding work has only occasionally been per-
formed, but if the principle is neglected, significant
changes in function may be missed altogether and
erroneous conclusions may be drawn.
This paper attempts to describe the changes that
occur during human pregnancy in renal hemo-
dynamics and in certain aspects of tubular function,
particularly the handling of uric acid and glucose.
Renal hemodynamics
The first investigations into renal hemodynamics
in pregnancy were performed over 40 years ago [5].
Early investigators studied women during the last
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few weeks of pregnancy and concluded that no sig-
nificant changes were present. Scrutiny of their
published data suggests, however, that other con-
clusions could have been reached, for some studies
did indicate increases in effective renal plasma
flow (ERPF) [6-8] and in glomerular filtration rate
(GFR) [5—8]. It was not until women were investi-
gated at earlier stages of gestation that increases in
these parameters were recognized [9, 10].
Serial studies
Between 1954 and 1959, the results of serial stud-
ies were published by Sims and Krantz [11, 12], De
Alvarez [13], Dignam, Titus and Assali [14] and As-
sali, Dignam, and Dasgupta [15]. Only three of
these publications presented sufficient data to per-
mit comparison [12, 13, 15]: they differ significantly
from each other both in absolute values and in rela-
tive changes. Recently, preliminary results of a fur-
ther serial study have been published by Dunlop
[16], and the data from this work are presented with
those from the previous studies in an attempt to
demonstrate possible trends (Table 1). Such an
analysis has several potential shortcomings:
Methodology. Although all authors used clear-
ances of para-aminohippurate (PAH) and inulin to
assess ERPF and GFR, respectively, the sub-
stances were infused in dextrose in two of the stud-
ies [13, 15] and in saline in the others. Dextrose may
conjugate with PAH [17] forming a complex that is
cleared less efficiently by the kidney, thus under-
estimating ERPF; conversely, hyperglycemia may
augment GFR [18] and possibly ERPF. Scrutiny of
Table 1 does not suggest, however, a consistent ef-
fect of dextrose infusion in either direction.
Grouping of data. De Alvarez [13] included data
from additional subjects investigated at the same
stages of gestation as those studied serially. The
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Table 1. Changes in effective renal plasma flow (ERPF), GFR, and filtration fraction in four serial studies of normal human pregnancya
Approximate
gestation
weeks Ref.
ERPF, mi/mm
(PAH clearance)
GFR, mi/mm
(inulin clearance) Filtration fraction
No. Mean SEM No. Mean SEM No. Mean SEM
Not pregnant
(postnatal)
Mean
Sims and Krantz [12]
De Alvarez [13]
Assali et al [151
Dunlop [16]
25
7
5
25
62
447
575
533
480
482
10
(45)
39
14
—
25
7
5
25
62
90
92
121
99
96
3
(6)
12
4
—
25
7
5
25
62
0.207
0.158
0.227
0.210
0.204
0.009
0.006
0.015
0.008
—
0 to 20
Mean
Sims and Krantz [121
DeAlvarez[13]
Assali eta! [15]
Dunlop [161
13
11
7
25
56
731
937
639
841
809
28
(38)
26
29
—
14
11
7
25
57
146
127
138
149
143
7
(4)
9
3
—
13
11
7
25
56
0.204
0.138
0.216
0.184
0.184
0.009
0.004
0.015
0.007
20 to 30
Mean
Sims and Krantz [12]
DeAlvarez[13]
Assali et a! [15]
Dunlop [16]
15
17
7
25
64
741
716
759
890
795
24
(39)
38
56
—
15
17
7
25
64
150
106
160
152
140
7
(5)
7
4
—
15
17
7
25
64
0.203
0.158
0.213
0.183
0.184
0.007
0.010
0.012
0.008
—
30 to 40
Mean
Sims and Krantz [12]
De Alvarez [131
Assalietal[151
Dunlop [161
23
9
7
25
64
634
558
801
771
695
33
(51)
48
35
—
24
9
7
25
65
148
105
172
149
145
6
(9)
8
6
—
23
9
7
25
64
0.238
0.195
0.216
0.204
0.216
0.010
0.011
0.009
0.009
—
a Dataare not corrected to a standard body surface area. Published mean values (but not 5EM) from the study of De Alvarez [131 have
been corrected by the following factors (see text): nonpregnant, 0.95; 0 to 20 weeks of pregnancy, 0.95; 20 to 30 weeks, 0.98; 30 to 40
weeks, 1.00.
mean results of the two groups did not differ signifi-
cantly. Sims and Krantz [12] studied women at in-
constant intervals during pregnancy. For the pur-
pose of analysis, we have grouped their data.
Correction for surface area. In two of the studies
[12, 13], clearances were corrected to 1.73 m2. Mea-
sured values can be recalculated from the compre-
hensive details published by Sims and Krantz [12],
but not from those of De Alvarez [13]. To permit
comparison, we have "recorrected" clearances
from the latter study by factors for each gestation
calculated from the data of Sims and Krantz [12]
and Dunlop (unpublished observations).
Nonpregnant values. Sims and Krantz [12] stated
that there was a "significant depression" of ERPF
shortly after pregnancy. This observation may have
been related to progressive postnatal reduction in
body weight (and thus surface area), for no statisti-
cally significant change is present on analysis of the
recorrected clearances, which the authors contin-
ued to measure for up to 2 years in a few individ-
uals. Furthermore, when the same women are in-
vestigated prior to conception and 6 to 8 weeks after
delivery, no significant differences in PAH clear-
ance are demonstrable (Dunlop, unpublished obser-
vations). All of the postnatal clearances of Sims and
Krantz have therefore been grouped together to ob-
tain mean nonpregnant results.
Analysis of results
Relative changes in mean data are depicted in
Fig. 1. This diagram must be interpreted with cau-
tion, for not only do individual women differ widely
in their patterns of change, but the trends illustrated
are markedly different from those described by As-
sali [14, 15]. Nevertheless, a few tentative con-
clusions may be drawn:
Effective renal plasma flow. The increase during
pregnancy appears to be considerably greater than
previous estimates [12]. The maximum increments
from nonpregnant values in the four serial studies
range from 50 to 85%. It appears that the increase
occurs within the first trimester: Sims and Krantz
[12] reported that in one subject who had been stud-
ied prior to conception, ERPF had increased 45%
by the ninth week of pregnancy. Three of the stud-
ies analyzed suggest decreases in ERPF of 13 to
22% between the second and third trimesters.
Glomerular filtration rate. There appears to be
an increase of approximately 50%, maintained
throughout pregnancy. The absolute values and rel-
ative increases during pregnancy are lower than
those described by Davison and Hytten in a serial
study of inulin clearance [19], during which a 10%
solution of dextrose was infused at 8 mllmin. It may
be that GFR was augmented in this study as the re-
sult of hyperglycemia [18] and volume expansion
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FIg. 1. Relative changes in renal hemod namics during normal
human pregnancy (based on mean data from Table 1).
(see below). Using serial measurements of 24-hour
endogenous creatinine clearance, Davison ob-
served an increment in GFR 5 to 7 weeks after the
last menstrual period [20]; GFR did not rise during
the pregnancies of two women who aborted sponta-
neously (Fig. 2). During the last weeks of preg-
nancy, endogenous creatinine clearance falls [12,
19, 21, 22]; it is probable that this represents a
change in true GFR [9, 10].
Filtration fraction. Contrary to contemporary
opinion (summarized in Ref. 23), it appears that fil-
tration fraction is reduced during early pregnancy.
During the third trimester, however, filtration frac-
tion appears to rise to a level at least equal to the
nonpregnant mean. Because filtration fraction is in-
dependent of corrections for body surface area, it is
of interest to compare the results in Table 1 with
those of previous workers who use similar tech-
niques (the majority did not study patients serially)
[6—8, 12, 13, 15, 16, 24—28]. A similar pattern of
change may be discerned (Table 2).
Residual problems
Two major methodologic criticisms of these stud-
ies remain unanswered:
Volume expansion. Mention has already been
made of the volume-expanding potential of dextrose
solutions. Saline infusions may also provoke
changes in renal hemodynamics. Lindheimer and
Weston [29] demonstrated increments of approxi-
mately 10% in both ERPF and GFR (filtration frac-
tion was unchanged) on infusing women with hypo-
tonic saline at a rate of 16 mI/mm during the third
trimester of pregnancy. Infusion rates in the serial
studies analyzed ranged from 4 mllmin [12] to 8 mu
mm [16]. Augmentation of ERPF and GFR may
have occurred. Whether the effect would be uni-
form throughout pregnancy is uncertain.
Posture. The supine position was used through-
out in two of the serial studies analyzed [12, 13];
and the sitting position, in another [16]. In the study
by Assali et al [15], control clearances in the supine
position (those quoted in Table 1) were compared
with clearances in the upright position (the authors
demonstrated substantial reductions in ERPF and
GFR in standing subjects). It has been suggested,
however, that the supine position itself causes re-
ductions in ERPF and GFR during late pregnancy
[30-32], and confirmatory evidence of decreased
renal blood flow in this position has been obtained
from studies that used angiography [33, 34] and iso-
tope renography [35, 36] (although the latter method
may not be entirely reliable on this context [37]). It
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Fig. 2. Twenty-four-hour creatinine clearance (GFR) measured
weekly in eight women over conception and the first trimester of
pregnancy (mean with range). Dotted lines represent GFR in two
other women who had spontaneous uncomplicated abortions.
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Table 2. Changes in filtration fraction during pregnancy (an analysis of 12 studies)
Ref. Not pregnant
Pregnant
Early Middle Late
Sims and Krantz [121
DeAlvarez[13]
Assali eta! [15]
Dunlop[16]
Welsheta![6]a
Dilletal[24]a
KariherandGeorge[8]'
Kenneyetal[25]a
Bucht[l0]
BrandstetterandSchül!er[26]
Butterman[27]
Abdu!-KarimandAssali[28]
Approximate mean
0.207 (25)
0.158 (7)
0.227 (5)
0.210 (25)
0.207 (5)
0.234 (8)
0.217 (2)
0.200 (1)
0.227 (23)
0.201 (10)
0.193 (11)
0.216 (7)
0.210 (129)
0.204 (13)
0.138 (11)
0.216 (7)
0.184 (25)
0.191 (3)
—
—
—
0.221 (8)"
0.197 (11)
0.177 (11)
—
0.188 (89)
0.203 (15)
0.158 (17)
0.213 (7)
0.183 (25)
—
—
—
—
0.221 (9)b
0.194 (1!)
0.221 (23)
—
0.1% (107)
0.238 (23)
0.195 (9)
0.216 (7)
0.204 (25)
0.199 (7)
0.176 (8)
0.209 (8)
0.195 (1)
0.289 (10)
0.194 (11)
0.209 (26)
0.196 (5)
0.214 (140)
a Diodrast was used to estimate ERPF.
b Buchtused an i.m. injection of PAH to measure ERPF; he quotes a mean filtration fraction of 0.221 for all 17 patients studied in the
2nd-8th month" of pregnancy. This total has been arbitrarily divided between the two columns.
may be that the large uterus of late pregnancy com-
promises renal perfusion when women lie supine.
Chesley and Sloan [323 demonstrated decrements of
20% in ERPF and GFR in the supine position com-
pared with control values in the left lateral position
in 10 women studied during late pregnancy. They
suggested that the third trimester decrease in pre-
vious serial studies had been artefactual. Never-
theless, Sims and Krantz had been unable to detect
postural changes in renal hemodynamics in seven
subjects [123, and Dunlop [38] similarly failed to
demonstrate such changes during late pregnancy.
Furthermore, it should be noted that Chesley and
Sloan [32] did not observe a consistent change in
filtration fraction in the supine position. This prob-
lem will be resolved only when renal function is se-
rially assessed during late pregnancy in a group of
women studied in the left lateral position. Whatever
the result of such a study, however, it seems prob-
able that in women undertaking normal activity dur-
ing the third trimester of pregnancy, ERPF is re-
duced.
Renal tubular function
Renal handling of uric acid
Uric acid, an end-product of purine metabolism
in man [39], is freely filterable at the glomerulus but
is cleared by the kidney at approximately 10% of
the rate of inulin [40]. This implies that, during its
passage through the kidney, most of the filtered uric
acid is reabsorbed. It is clear, however, that the kid-
ney's handling of uric acid is more complex than
simple tubular reabsorption. It appears that a sub-
stantial proportion of the filtered load of uric acid is
reabsorbed in the proximal tubule. Subsequent to
this, a balance between active secretion [41] and
further reabsorption [42] (possibly in part from the
distal nephron [43]) regulates final uric acid excre-
tion [44].
During early pregnancy, the serum uric acid con-
centration falls by at least 25% [45—48]. This reduc-
tion appears to result partially from an increase in
the renal clearance of uric acid, predominantly
caused by the marked rise in GFR [47]. Two serial
studies using specific enzymatic assay methods
have been published [47, 48]: both agreed that uric
acid clearance was substantially elevated early in
pregnancy, but the results of Semple et al [47] sug-
gested that this increase was maintained throughout
pregnancy, whereas those of Dunlop and Davison
[48] suggested a significant decrease during the third
trimester. Such a decrease had also been suggested
by some cross-sectional studies [46, 49]. In both of
the serial studies, subjects were investigated in a
sitting position, but it is possible that Semple, Cars-
well, and Boyle [47] made their measurements ear-
lier in the third trimester than did Dunlop and Da-
vison [48].
As pregnancy progresses, serum uric acid con-
centration appears to rise gradually to values that,
in some studies, approach the nonpregnant mean
[46]. Dunlop and Davison [48] suggested that these
changes reflected alterations in fractional clearance
of uric acid, so that there was a decrease in net
tubular reabsorption of uric acid in early pregnancy
followed by a progressive increase (Fig. 3). These
findings would agree with the suggestion of Seitchik
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Fig. 3. Serial changes in plasma uric acid concentration and pro-
portional reabsorption of uric acid during normal human preg-
nancy (mean SCM, N = 24) (Dunlop and Davison [48]).
[50], that during the third trimester of pregnancy,
the miscible pool of uric acid increases without evi-
dence of increased production. Semple et al [47]
found, however, no significant alteration from non-
pregnant values in the fractional clearance of uric
acid during pregnancy. The relative importance of
alterations in tubular secretion and reabsorption
during pregnancy has not been established, but it
should be noted that, although secretion appears to
be directly related to plasma uric acid concentration
[51], reabsorption may be modified by alterations in
extracellular fluid volume [52—55]. There is evi-
dence of increased net reabsorption of uric acid dur-
ing the pregnancies of nontoxemic hypovolemic
women destined to deliver small-for-date babies
[56]. It may be that the differences between the two
serial studies relate, in part, to differing degrees of
volume expansion, for Semple et al [47] infused in-
ulin in saline at less than 1 mllmin, whereas the in-
fusion rate in the study of Dunlop and Davison [48]
was 8 mllmin. Lindheimer [57] did not demonstrate,
however, augmentation of fractional uric acid clear-
ance during acute saline loading of normal women
during late pregnancy, and the matter therefore re-
mains unresolved.
Once again, the effect of posture upon these re-
sults during the third trimester of pregnancy is im-
portant. In the same study [57], Lindheimer demon-
strated a significant decrease in fractional uric acid
clearance, despite volume expansion, in the supine
position during late pregnancy. It is thus possible
that the late third trimester changes described by
Dunlop and Davison [48] were partly postural. Nev-
ertheless, an increase in serum uric acid concentra-
tion in normal ambulant women is well documented
at this time [46, 58, 59]. Perhaps, as with ERPF,
there is a discrepancy between what is "normal" in
the laboratory and in real life.
The clinical importance of uric acid in pregnancy
lies in the relationship between relative hyper-
uricemia and preeclampsia [60]. The degree of hy-
peruricemia correlates well with the severity of the
clinical condition [61, 62], with the histologic find-
ings on renal biopsy [63], and with fetal prognosis
[64, 65]. It appears that during preeclampsia, there
is no increase in production of uric acid [66], but
that net renal reabsorption is increased [4, 67, 68].
Probenecid has a greater uricosuric effect in pre-
eclampsia than it does in normal pregnancy [69],
suggesting that true tubular reabsorption is in-
creased. It is possible that volume changes are
again responsible for this phenomenon [2], but oth-
er factors, such as altered sodium reabsorption [70]
and vasoactive hormones [71], may also be impli-
cated. The suggestion that systemic lactic acidosis
might be the predominant factor [61, 72] now ap-
pears improbable [73]. It should be emphasized that
random measurements of serum uric acid [74, 75],
uric acid clearance [67], or net reabsorption [68] are
of limited value in the differential diagnosis between
preeclampsia and other hypertensive states in preg-
nancy. Serial estimations, however, may be of
some value in monitoring the progress of the dis-
ease [76, 77].
Renal handling of glucose
Extent of glucosuria in pregnancy. It has long
been known that there is an increase in the excre-
tion of glucose during normal pregnancy [78]. Preg-
nant women may excrete ten or more times the
amount of glucose excreted by nonpregnant wom-
en, whose losses average 20 to 100 mg in 24 hours
[79, 80]. Excretion increases very soon after con-
ception, reaching a peak at a variable time between
8 and 11 weeks from the last menstrual period [20]
(Fig. 4).
The major feature of glucosuria is a conspicuous
variability both from day to day and during the
course of a day (Fig. 5). The intermittency is unre-
lated to blood sugar levels or the stage of pregnancy
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Fig. 4. Twenty-four-hour urinary glucose excretion over concep-
tion and in early pregnancy in 9 healthy women (mean SEM)
(Davison, unpublished)
[80]. Normal nonpregnant patterns of excretion are
reestablished within a week of delivery [81].
Physiology of glucose reabsorption. The kinetics
of glucose transport in the kidney [82] are beyond
the scope of this article. Suffice it to say that it is
generally agreed that in the normal state glucose
reabsorption takes place in the proximal tubule. In
1938, Shannon and Fisher [83] introduced the con-
cept of maximal transfer derived from their study of
the renal handling of glucose. Put simply, this
means that the kidney reabsorbs all the glucose pre-
sented to it until the load is exactly equal to its max-
imal reabsorptive capacity (Tmgiu0se or TmG), and
when the load exceeds the capacity the excess glu-
cose is excreted in the urine. In normal women the
TmG was said to be 300 to 350 mg/mm [84].
Recently, the entire concept of a TmG has been
challenged: it seems probable that results in the
original studies were misinterpreted because of in-
accurate methodology [85, 86]. Determination of
glucose in urine by colorimetric methods greatly un-
derestimated the amount of glucose excreted [87] so
that the reabsorptive capacity of the kidney was
overestimated [88]. Furthermore, when plasma glu-
cose concentrations reach 300 to 350 mg/dl (at
which a constant reabsorption of glucose was sug-
gested), reabsorption and GFR are invariably de-
pressed (this can also be demonstrated by recalcula-
tion of the classical data) [86]. It seems likely that
the original glucose-loading studies produced grad-
ual volume expansion, which depressed sodium
reabsorption, and secondarily glucose reabsorption
[85]. It is now apparent that glucose reabsorption
depends on many factors, including the proximal
reabsorption of sodium [89—91], the regulation of
extracellular fluid volume [92-94], and changes in
GFR [90, 95—97], which is itself altered by high lev-
els of glucose in the blood [18, 86].
Mechanism of glucosuria in normal pregnancy.
There are two possible mechanisms of glucosuria in
pregnancy. The first is that tubular function is unal-
tered and is simply overwhelmed by the greatly in-
creased filtered glucose load resulting from the well-
documented rise in GFR (see above); the second is
a change in the reabsorptive capacity of the proxi-
mal tubule itself. Perhaps both mechanisms may be
involved.
Explanations of glucosuria in pregnancy [98-100]
have previously been based upon the concept of
TmG, which is now known to be untenable. Recent-
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Fig. 5. Pattern of glycosuria in late pregnancy as evidenced by Clinistix testing in one pregnant woman. The six blocks of seven rows of
dots represent 1 week of pregnancy (the week specified above each block) divided into 7 days, midnight to midnight. Each sample of
urine passed is indicated, and black dots are those positive to Clinistix. On the 7th day of each week, urine was collected and 24-hour
glucose excretion (mg) determined (from Lind and Hytten) [80] and reprinted with permission of J Obstet GynaecolBr Commonwealth).
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ly, serial changes in the renal handling of glucose
have been examined by modern laboratory tech-
niques in women with varying degrees of glucosuria
[101]. Under conditions of glucose infusion, glucose
reabsorption was less complete during pregnancy
than it was 8 to 12 weeks after delivery. Within indi-
vidual pregnancies, no change was apparent, but
reabsorption was always less complete in women
with obvious glucosuria. These women, although
no longer clinically glucosuric following pregnancy,
still showed less complete reabsorption under in-
fusion conditions when not pregnant.
Put another way, all women demonstrated decre-
ments in fractional reabsorption of glucose (tubular
reabsorption/filtered load, or T/Fgiuo05) in preg-
nancy (Fig. 6). Those most severely glucosuric
when pregnant had the lowest fractional reabsorp-
tion rates both during and after pregnancy, and the
reason why they were not glucosuric 8 to 12 weeks
after delivery was that the filtered load of glucose
had decreased markedly. Therefore, it might be ar-
gued that even if reabsorptive ability is less ef-
fective, the precipitating cause of glucosuria in
pregnancy remains the striking increment in GFR.
To a minor extent, variables associated with the
infusion procedure might have affected the results,
because modest volume expansion as well as the
plasma glucose levels exercise some influence on
•'
(N=12) I
Negative Positive
History of urinary tract infection
Fig. 7. Twenty-four-hour glucose excretion (on three occasions)
during the pregnancies of 12 women with no history of urinary
tract infection and 13 with a well-documented history preceding
(hut not during) the pregnancy. The groups differ significantly (P
<0.05;Mann-Whitney test). (Davison and Burns, unpublished)
GFR (see above) and glucose reabsorption [18, 19,
85, 89-97]. In an individual woman, however, the
gross difference in glucose reabsorption associated
with pregnancy cannot be attributed to minor incon-
sistencies of infusion technique.
Two major physiologic adaptations in pregnancy
have the potential to affect glucose reabsorption in
opposite ways: volume expansion may inhibit the
reabsorption of sodium and hence glucose, whereas
an increase in GFR may stimulate glucose reabsorp-
tion. To complicate matters further, work in ani-
mals has revealed that the distal parts of the neph-
ron have a capacity to reabsorb glucose [94, 102]
and that this is much reduced in pregnancy [103].
The hormones of pregnancy, particularly the sex
steroids, inevitably suggest themselves as agents of
change, and the fact that their concentrations in the
body decline rapidly after delivery [104] in much the
same way as glucose excretion [81] supports such
an idea. Their sustained high levels throughout
pregnancy are, however, out of line with the inter-
mittency of glucose excretion.
Recent studies raise the possibility that women
with more than usual glucosuria in pregnancy may
have sustained renal tubular damage from earlier
untreated urinary tract infections, although no long-
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Fig. 6. Fractional reabsorption of glucose under infusion condi-
tions (individual values and means SD) in 26 women studied
during late pregnancy and after the puerperium. Women were
divided into three groups according to their 24-hour glucose
excretion (mg) during pregnancy: The within groups significance(paired Student's t test) for < 150 mg/day was P < 0.001; and
for 150 to 600 mg/day, it was P < 0.005. The between groups
significance (Student's t test) was P < 0.001. (Data was calcu-
lated from the data of Davison and Hytten [86] and is presented
here with permission of Br J Obstet Gynaecol.)
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er bacteriuric when pregnant (Davison and Burns,
unpublished observations) (Fig. 7). In this respect,
it is of interest that women with persistent glucos-
uria during pregnancy appear to have higher in-
cidences of prematurity and of small-for-date in-
fants [105].
In conclusion, it is apparent that the phenomenon
of glucosuria reflects an alteration of renal function
rather than of carbohydrate metabolism and that the
testing of random urine samples in pregnancy is
both unhelpful in the diagnosis and control of diabe-
tes and also unrepresentative of the degree of glu-
cosuria present.
Reprint requests to Dr. J. M. Davison, Medical Research
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